SUMMARY. The reported association of low-back pain and musculoskeletal disorders contributed to the examination of the lumbar spine and hip extensor activation patterns in back pain sufferers during walking. Seventeen idiopathic low-back pain male subjects and 16 healthy volunteers participated in the study. Hip joint ROMs in the sagittal plane and neuromuscular activities of erector spinae [L3, T12], gluteus maximus and biceps femoris were recorded on one randomly selected body side in each group. Analysis using the Student's t-test revealed significant differences for hip joint range of motion, stride time and significantly earlier onsets of the lumbar spine and hip extensors of the back pain sufferers compared with the healthy controls. It is assumed, that low-back disorders are related to changes of the lumbar spine and hip extensor recruitment pattern. r
INTRODUCTION
Low-back pain is one of the most common musculoskeletal problems in modern society. Demonstrated by the high direct and indirect costs, it also causes major economic problems in industrialized nations (Berger-Schmitt et al. 1996; Maniadakis & Gray 2000) . Thus, chronic low-back pain problems have been the reason for many clinical investigations.
Although there is disagreement in the literature with regard to the etiology (White & Gordon 1982; Bernard & Kirkaldy-Willis 1987; Nachemson 1992) , it seems evident that idiopathic low-back pain is often associated with musculoskeletal disorders and imbalances in lumbar spine and pelvic stabilization muscles (Schneider 1981; Janda 1984; Liebenson 1990; Bourdillon et al. 1994; . It is suggested that deficiencies in movement patterns and motor regulation play a major role in the development of musculoskeletal dysfunction (Singer 1986; Jull & Janda 1987 , Janda 1992 . Neural dysregulation due to musculoskeletal pain syndromes might contribute to alterations in the recruitment pattern of various synergistic muscles. Alterations in motor control may cause muscles to be activated in an inappropriate manner (i.e. timing, rate of force development), interfering with a subject's ability to automatically perform adequate movement patterns. Janda postulated in 1978 that at least some cases of low-back pain may occur due to deficiencies in the central nervous control of locomotion. It is assumed that especially disturbances of the activation pattern of the hip extensor and pelvic stabilization muscles are a factor in the genesis of low-back disorders. Even impairments in the peripheral parts of the body seem to be complemented by changes in the central nervous system regulation of the muscles in the lumbo-pelvic region , Bullock-Saxton 1994 Beckmann & Buchanan 1995) .
Prone hip extension is an assessment procedure which has been used by various authors (Pierce & Lee 1990; Liefring et al. 1991; Janda 1992; Lewit 1992; Badtke et al. 1994; Bullock-Saxton et al. 1994; Vogt & Banzer 1997) to evaluate the neuromuscular activation pattern (order of muscle contraction) of surrounding hip muscles. Isolated extension of the hip from the neutral position is normally selected because of its functional importance in stance and locomotion. However, prone hip extension is a open kinetic chain non-weight-bearing position performed by concentric muscle contraction, so joint afferent activity and muscle recruitment strategies will be considerably different from those in gait. Thus, it seems questionable if isolated laboratory test conditions will be able to monitor the authentic muscle recruitment pattern around the trunk and pelvis and identify functional adaptations to back pain.
Although a few back pain studies have already analysed muscle activity during gait (Ahern et al. 1986 , Arendt-Nielsen et al. 1995 , Arendt-Nielsen 1996 no study has clearly described the muscle firing order of the lumbar and hip muscles in walking. Therefore, it still remains unclear how human musculoskeletal pain modulates motor performance in every day tasks. The aim of the current study was to examine changes in the lumbar spine and hip extensor activation patterns in chronic low-back pain patients in a more functional and complex test situation like walking. (Table 2 ) participated in the study. Due to the small sample size, and to control for confounding variables, such as gender differences, the study concentrated on one gender only. Individuals were recruited from co-operating rehabilitation clinics and university staff. In both groups, measurements were carried out unilaterally on one randomly selected side of the body.
METHODS

Seventeen
The visual analogue scale (VAS; 0=no pain and 10=most severe pain) (Triano et al. 1993) and Oswestry Disability Questionnaire (Fairbanks et al. 1980) were used for actual pain intensity and disability ratings. Both of these instruments have previously been tested for reliability and validity (Deyo et al. 1986 , Graver et al. 1998 . To ensure that the back pain sufferers experienced at least moderate pain intensities at the time of testing, patients with self-reported pain ratings below 3 (VAS) were not included in the study (Arendt-Nielsen et al. 1996) .
Hip joint range of motion in the sagittal plane and neuromuscular activities of lumbar and thoracolumbar erector spinae [L3, T12], gluteus maximus and biceps femoris were recorded unilaterally during treadmill walking (HP-Cosmos s -Quasarmed, Germany) at 1.25 m/s. Relative hip flexion and extension was recorded by an electronic goniometer (Biovision s , Germany) with the axis of rotation aligned to the greater trochanter. The goniometer was calibrated in neutral upright standing. Pregelled (Ag/ AgCl) surface electrodes (BlueSensor s ) with an interelectrode distance of 20 mm were applied longitudinally over the selected muscles referring to international recommendations (Hermens & Freriks 1997) . The reference electrode was attached to the subjects' posterior superior iliac spine. The skin of the recording site was prepared according to the International Society of Electrophysiology and Kinesiology (ISEK) standards ) by shaving as required, sanding, and rubbing with gauze, saturated with alcohol. All electrode cables were lightly secured with tape to reduce any possibility of artefacts produced by cable movement. In order to relate the EMG activity to the instant of heel-strike, pressure-sensitive footswitches were secured at both heels. The subjects had time to practice treadmill walking until they reported that they had become accustomed to the walking conditions. After a rest period of at least 15 min the subjects started to walk again until they reported to feel comfortable. Then data over a minimum of 20 strides were collected for each subject using a multi-channel EMG datalogger system (Biovision s , Germany; input impedance: 10 GO, CMRR: 130 db, RTI noise 8 nV/Hz, gain: 2500, filter: 10 Hz low cut-off, 700 Hz high cut-off, amplifier close to the detection site) operating at 1000 Hz per channel. Muscle on/offset was considered to have occurred when 25 consecutive data points of a sliding window exceeded the current mean baseline by three-standard deviations. The threestandard deviation threshold was selected referring to DiFabio (1987) . To account for different cycle durations between subjects selected EMG onset and cessation times were normalized in time for each muscle group and each stride per subject. This was achieved by computing on/offset times relative to the cycle duration of the recording site (heel contact to heel contact corresponding to 0-100%) (Fig. 1) . The heel-strike, determined by the footswitch signal ipsilateral to the recording site, was used to define the start/stop of each cycle and to calculate cycle durations. Herewith, the analysis focused on the temporal characteristics (onset and cessation times) of the raw EMG signals during the gait cycle.
To gain additional information from the 'phasic' EMG activity and to concentrate on the shape of the EMG profiles, linear envelopes (full-wave-rectifier followed by a second-order low-pass filter with cutoff at 8 Hz) were calculated (Winter 1984) . This reliable method (Kadaba et al. 1989; Kleissen et al. 1997) , applied in most gait laboratories (Harris & Wertsch 1994; Whittle 1996) , is thought to mathematically model the muscle tension by the use of a single pass second-order low-pass system (Winter 1984 (Winter , 1990 . Due to the time delays introduced by the applied digital filter and the thereby affected occurrence of peaks the current analysis focused on the pattern of the averaged EMG profiles instead of peak characteristics.
The signals were normalized with regard to the stride time (one cycle corresponds to 100%) to maintain timing relative to the walking cycle for the comparison of different subjects. In this way, more than 20 time-normalized EMG profiles formed the data base for the within-subject ensemble average. EMG amplitudes were normalized to the average EMG activity per gait cycle (Yang & Winter 1984) . The second averaging procedure resulted in a profile for each group (grand average; CLBP, Controls). Kinematic signals were filtered using a low-pass, zero-lag, critical damped, fourth-order filter (8 Hz cut-off) (Wells & Winter 1980 ) to allow smoothing without introducing any time delay and time normalized to the ipsilateral heel strike. Student's independent samples t-tests were selected to determine significant differences in muscle on/offset, hip movement, and cycle durations between groups. Cross-correlation values were computed for pairwise comparisons of the time history of the interindividual EMG profiles between groups. Po0.05 was regarded as significant.
RESULTS
In chronic low-back pain subjects the self-reported back pain intensity (VAS) ranged from 3 to 5. .09 s) between healthy controls and back pain patients. Significant EMG onset differences (Po0.01) were found in comparing hip extensors (biceps femoris muscle, gluteus maximus muscle) of the pathological group and the healthy controls. Significant group differences (Po0.01) were also calculated for the onset of both EMG bursts of the bi-phasic activation pattern of the lumbar erector spinae [L3] muscles. Additionally, the analysis revealed a significantly prolonged electrical activity of the gluteus maximus and lumbar erector spinae muscles in the back pain group (Po0.01). No significant group differences in EMG peak characteristics were detected for the thoracolumbar erector spinae [T12] . EMG onset and cessation times of all selected muscles for the independent groups are given in Fig. 2 . Cross-correlation values demonstrated almost identical patterns of falling and rising trends in EMG profiles between groups (Fig. 3) . Phase shifts identified by the cross-correlation calculations confirmed the pre-matured EMG activity of the biceps femoris and gluteus maximus in CLBP patients (Fig. 3) .
DISCUSSION
The neuromuscular activation of the muscles in the pelvic region plays a primary role for the physiologic coordination and interaction of pelvis, spine and lower limb movements in human gait. Referring to the stabilization concept postulated by Panjabi (1992a,b; , disturbances of the musculoskeletal and fascial system can be prerequisites for or also consequences of pathological syndromes of the spine. Thus, in pain syndromes of the lumbar/ sacral/hip region the gluteal and hamstring muscles may play a role which is often overlooked. The recent study, therefore, intends to provide a more detailed look on low-back pain subjects' muscle contractile patterns of lumbar spine and hip extensors in cyclic movements like walking.
Concentrating on patients with a history of back pain, the recent investigation demonstrated reductions in hip flexion/extension movements as well as reduced gait cycle durations. The kinematic changes seen in the current investigation are consistent with those of other authors (Keefe & Hill 1985; Khodadadeh et al. 1988) , who also found that back pain patients walked more slowly and took shorter strides. Therefore, the results provide support for the short strided gait and the observations of a more cautious walking pattern in chronic low-back patients (Zebouni et al. 1992; Dananberg 1998 the different stride times between groups and the speed-dependence of the EMG variables. Calculating EMG peak characteristics relative to the individual cycle durations the study revealed significantly prematured innervation of the lumbar erector spinae [L3], gluteus maximus, and hamstring muscles in back pain patients compared to the healthy controls. The averaged EMG profiles, produced by linear envelope processing, from the four target muscles are in accordance with findings from other authors (Winter 1984; Kadaba et al. 1989) . The crosscorrelation values, indicating almost similar patterns of rises and falls between patients and healthy controls, confirmed the pre-matured activity in lumbar spine and hip extensor muscles in back pain sufferers. Therefore, the results of this study support the idea that some facet of muscle contraction is altered in the presence of low-back dysfunction and do not preclude the idea that back injury is associated with a delayed activation of the gluteus maximus muscle (Janda 1978) . Therefore, based on the findings of this study, future work should examine if prone hip extension can be used for the valid assessment of pathological muscle coordination or the evaluation of intervention strategies in the pelvic hip region ).
In addition to the self-reported pain intensity at the time of testing and the mentioned alterations in the muscle firing pattern, the current findings point towards a protective activation mechanism. Importantly, the pre-matured recruitment strategy of the lumbar spine and hip extensors and the prolonged activity of the gluteus maximus and lumbar spine extensors could be interpreted as a functional adaptation of the neuromuscular system to provide extra stability and to prevent additional pain.
Although, there is no causal evidence that the recent muscle activation patterns are exclusively adaptive factors of idiopathic CLBP, the interpretation of the EMG changes as a functional adaptation to muscle pain are in agreement with results presented by Arendt-Nielsen et al. (1995) and Graven-Nielsen et al. (1997) . Their findings of increased lower limb and back muscle activity due to clinical and experimentally provoked muscle pain confirms the hypothesis of pain as a motor output modulator. Herewith, the present results of prematured muscle activities would support the 'pain adaptation model' or 'muscle spasm theory' concerning the interaction between motor output and musculoskeletal pain (Collins et al. 1982 , Lund et al. 1991 . Additionally, the recent concepts of pain and neuronal plasticity point toward long-term adaptations in sense of facilitating changes in pain-related systems (Zieglgansberger & Tolle 1993) . Therefore, prolonged musculoskeletal pain syndromes might contribute to alterations of dynamic motor stereotypes and motor regulation. Likewise, changes of the neuromuscular coordination in association with functional disturbances and pain itself could be considered as a possible underlying source of recurrent or chronic back pain symptoms. Janda (1978) and also Lewit (1992) consider neuromuscular changes as frequent causes for functional disorders of the spine. In this concept, it has been proposed that musculoskeletal dysfunctions associated with CLBP typically present specific movement patterns of the trunk, pelvis or hips in conjunction with markedly altered activation patterns of the stabilizing muscles of the pelvis, hips, and trunk such as the gluteus Neuromuscular control of walking with chronic low-back pain 25 maximus and multifidus (Janda 1984) . Changes of the dynamic stereotype of locomotion are attributed to the plasticity of the neuromuscular control system. However, it is unclear whether and how the alterations shown in the present study are associated with 'plastic' changes of the human nervous system. Human locomotion is first controlled segmentally and then becomes progressively more dependent on supraspinal systems (Leonhard 1998) . Therefore, it has been postulated that collections of neurons termed central pattern generators (CPG) are responsible for the generation of rhythmic activities, such as bipedal locomotion. It has been suggested that spinal cord CPGs generate the basic locomotor rhythm and supramaximal systems serve to initiate and drive the CPGs (Forssberg 1986) . Although no direct evidence exists that the neural substrate for human locomotion changes with pathology, learning and modulation plays a critical role in the attainment and maturation of human bipedal gait. This is reflected in the differences between the gait patterns of human infants and adults as well as in the inter-subject variability of movements. However, this does not provide direct evidence that pathology triggers alterations in the shape of neural connectivity, while changes in the human nervous system can be the result of genetically predetermined neural structures, their connectivity and their physiological functioning as well (Grillner 1985) . Regardless of whether the mentioned changes are consequences or causes of the present pathological situation, out-of-phase activity can cause uneconomic movement coordination and changes of the physiological tissue loading. In such cases, the direction and magnitude of joint forces could be affected and other structures of the locomotor system may become painful. Changed functional conditions due to disturbances or dysfunctions caused by adaptations of the neuromuscular system have been reported frequently in studies of different joint systems (McNair et al. 1992; Davis & Dickhoff-Hoffman 1993; Lo¨fvenberg et al. 1995; Pfeifer & Banzer 1999) . The functional importance of a well-coordinated muscular control of the spine and the possibility to influence the intensity and timing of muscle activation has, for example, been shown by Bullock-Saxton et al. (1993) .
It can be speculated that subjects with non-specific low-back pain like those investigated in the present study may profit from specific intervention programmes to activate muscles more functionally in different types of motor activities and to achieve adequate muscle balance and coordination. Overlooking the underlying pathology can perhaps contribute to rehabilitation failure and prolong therapeutic interventions. Therefore, future studies have to show, whether it is possible to change the firing patterns of the participating muscles and which kind of therapy intervention may be adequate.
CONCLUSION
This work was indicated that the analysis of the hip extensor activation pattern in gait may be an essential factor in detecting abnormalities in chronic low-back patients.
Following the presented results, it can be assumed that low-back disorders are related to changes of the hip extensor recruitment pattern. The altered muscle activation pattern could have impact on the physiological loading and alter the direction and magnitude of joint reaction forces. Thus, the pre-matured electrical activity itself could be considered as a possible underlying source of recurrent or chronic back pain symptoms. However, it still remains unclear how human musculoskeletal pain modulates motor performance and it is not known whether abnormalities in muscle function precede the onset of idiopathic low-back pain.
Whether or not muscle disturbances are significant causative factors or late complicating factors of idiopathic LBP, it is concluded that the importance of pelvis stabilization muscles in the etiology of CLBP cannot be denied. More study is needed to obtain information on the behaviour of CLBP patients in different therapy intervention programmes.
